The rates of glucose oxidized at glycolysis and pentose-phosphate pathway (PPP) in neurons are controversial. Using [3-3 H]-, [1-14 C]-, and [6-14 C]glucose to estimate fluxes through these pathways in resting, intact rat cortical primary neurons, we found that the rate of glucose oxidized through PPP was, apparently, B14% of total glucose metabolized. However, inhibition of PPP rate-limiting step, glucose-6-phosphate (G6P) dehydrogenase, increased approximately twofold the glycolytic rate; and, knockdown of phosphoglucose isomerase increased B1.8-fold the PPP rate. Thus, in neurons, a considerable fraction of fructose-6-phosphate returning from the PPP contributes to the G6P pool that re-enters PPP, largely underestimating its flux.
INTRODUCTION
In neurons, pentose-phosphate pathway (PPP) is very active and contributes to the regeneration of glutathione redox status. 1 However, the actual value of the rate of glucose-6-phosphate (G6P) entering the PPP in neurons is yet elusive; moreover, it has recently been reported, on the basis of 13 C isotopomer enrichments, 2 levels of PPP activity considerably lower than those previously estimated. 1, [3] [4] [5] In view of this apparent controversy and the critical role of PPP in neuronal protection against oxidative stress, here we aimed to accurately determine the fluxes of glucose oxidation through PPP and glycolysis, both under normal and acutely inhibited key regulatory enzymes. We conclude that the estimated values for PPP activity in neurons are largely underestimated because of the fast equilibrium between PPP-derived fructose-6-phosphate (F6P) and G6P.
MATERIALS AND METHODS

Neurons and Astrocytes in Primary Culture
All protocols with animals were approved by the Bioethics Committee of the University of Salamanca following the Spanish (RD1201/2005) and European (609/CEE) directives on research animal protection and experimentation. Cortical neurons in primary culture were prepared from fetal Wistar rats (E16), seeded at 2.5 Â 10 5 cells per cm 2 in the bottom surface of 25-ml flasks, previously coated with poly-D-lysine (15 mg/mL) in DMEM (Sigma, Madrid, Spain) supplemented with 10% (v/v) fetal calf serum (Roche Diagnostics, Heidelberg, Germany). Cells were incubated at 371C in a humidified 5% CO 2 -containing atmosphere. At 48 hours after plating, the medium was replaced with DMEM supplemented with 5% horse serum (Sigma), 20 mM D-glucose and, on day 4, cytosine arabinoside (10 mM) to prevent non-neuronal proliferation. 1 Under these conditions, B85% to 95% of the cells were microtubule-associated protein-2-positive (neurons); an B3% of the cells were glial fibrillary acidic protein-positive (astrocytes) (not shown). Astrocytes in the primary culture were obtained from rat pups from 0 to 24 hours of age after the same procedure as for neurons. Cell suspension was seeded at 2.5 Â 10 5 cells/cm 2 in DMEM supplemented with 10%, v/v, FCS. Culture medium was renewed twice per week and astrocytes were used after 2 weeks. 1
Glycolysis and Pentose-Phosphate Pathway Determinations
To determine the glycolytic and the pentose-phosphate pathway fluxes, attached intact cells were washed with PBS and incubated in the presence of either 5 mCi/ml of D-[3-3 H]glucose, 0.5 mCi/mL of D-[1-14 C]glucose or 1 mCi/mL of [6-14 C]glucose in 1.5 mL of a Krebs-Henseleit buffer (11 mmol/ L Na 2 HPO 4 , 122 mmol/L NaCl, 3.1 mmol/L KCl, 0.4 mmol/L KH 2 PO 4 , 1.2 mmol/L MgSO 4 , 1.3 mmol/L CaCl 2 ; pH 7.4) supplemented with 5 mmol/L D-glucose at 371C with shaking in a sealed flask. Before sealing the flask with a rubber cap, a 1.5-mL Eppendorf tube containing 1 mL of water (for 3 H 2 O trapping) or 0.8 mL of benzethonium hydroxide (for 14 CO 2 trapping) was fixed inside the flask by holding it from the flask tab using a rib, and the flask atmosphere gassed with a O 2 :CO 2 (95:5) mixture for 20 seconds. Flasks were incubated in the air-thermostatized chamber of an orbital shaker (Forma Benchtop Orbital Shaker, Model 420, Thermo Fischer, Marietta, OH, USA). In preliminary experiments (not shown), we observed that 3 H 2 O and 14 CO 2 collection in the holding tube was linear with time for up to 90 minutes; therefore, all remaining incubations were performed for this period. The reactions were stopped by adding 0.2 mL of 20%, v/v, HClO 4 through the rubber cap, and flasks were further incubated for 96 hours to allow equilibration of 3 H 2 O between water and the incubation medium, or for 1.5 hours to trap 14 CO 2 into the benzethonium hydroxide. In the preliminary experiments using 3 H 2 O or NaH 14 CO 3 , we observed that the 3 H 2 O equilibrated between both compartments was 28% (hence reflecting an actual 70% of recovery efficiency); the efficiency of 14 
Cell Treatments
Transfections of primary neurons with small interfering RNA (100 nmol/L) against PGI (siPGI; 5 0 -CCTTACCAGACGTAGTGTT-3 0 ; Dharmacon Research, Lafayette, Colorado, USA) or against luciferase (siControl; 5 0 -CTGACGCG-GAATACTTCGA-3 0 ; Dharmacon) were performed at day 3 in vitro using the Lipofectamine LTX with Plus Reagent (Invitrogen, Madrid, Spain), following manufacturer's instructions. Experiments and sample collection were done at day 6 in vitro, when we previously confirmed efficient B70% knockdown of PGI protein. 1 To inhibit PPP activity, we used dehydroepiandrosterone (DHEA; Sigma), a noncompetitive inhibitor of G6PD that, at the concentration used (1 mmol/L), selectively inhibits the PPP without affecting glucose uptake. 6, 7 Determination of Glucose-6-Phosphate Concentration Neurons were lysed in 0.06 mol/L NaOH and the resulting extract was deproteinized and neutralized with the same volume of 1% w/v ZnSO 4 . After centrifugation of precipitated proteins (12,000 g/10 min), glucose-6-phosphate concentration in the supernatant was determined spectrophotometrically by monitoring the increase in NADPH(H þ ) absorbance at 340 nm produced by G6PD (0.17 U/mL) and PGI (0.7 U/mL) in 0.2 mol/L trietanolamine, 5 mmol/L MgCl 2 , 0.2 mM NADP þ , pH 7.6, according to Michal. 8 
Statistical Analysis
Results are expressed as the mean ± s.e.m. (standard error of the mean) values for three different culture preparations. Statistical analysis of the results was performed by the Student's t-test. In all cases, Po0.05 was considered significant.
RESULTS AND DISCUSSION
Here, we determined the rate of glucose metabolized through glycolysis as a function of the rate of 3 H 2 O production from [3-3 H]glucose, a process that primarily takes place at aldolase and triose-phosphate isomerase, i.e. the glycolytic steps that immediately follow the rate-limiting, 6-phosphofructo-1-kinase-catalyzed reaction. 9 We found that, under resting conditions, the rate of glycolysis in neurons was B1.2 nmoL/minute Â mg protein ( Figure 1A) , which is considerably lower than that found in attached astrocytes using identical protocol (3.14 ± 0.27 nmoL/min Â mg protein; n ¼ 3 independent culture preparations, each determined in triplicate), in agreement with previous reports. 1 This glycolytic rate value is, however, slightly higher than that found in a previous study, 1 a fact that can be ascribed to the fact that those previous determinations were performed in detached, suspended neurons that lost their axon and dendritic processes, which were recently reported to actively perform glycolysis. 10 To elucidate if glucose metabolism is dynamic in neurons, we next incubated neurons with DHEA, a well-known inhibitor of G6PD 6,7 -the ratelimiting step of PPP. As shown in Figure 1A , DHEA acutely increased by Btwofold the rate of glycolysis, thus suggesting that, in principle, B50% of glucose fraction oxidized in neurons would take place through the PPP.
Next, we aimed to determine the actual fraction of glucose oxidized through the PPP in intact primary neurons. To do so, cells were incubated in the presence of [1-14 C]glucose or [6-14 C] glucose, and the initial rates of 14 11 As shown in Figure 1B , we found that the rate of glucose oxidized through the PPP in neurons was B0.2 nmoL/minute Â mg protein. This PPP value is, indeed, lower than the one reported in a previous work, 1 possibly reflecting the drawbacks of using suspended neurons in that study. However, it does not explain the twofold increase in glycolysis rate observed by DHEA ( Figure 1A) ; thus, according to a PPP value of B0.2 nmoL/min Â mg protein, glycolysis should only have reached a value of B1.4 nmoL/min Â mg protein in the presence of DHEA, assuming that this compound blocked PPP. However, we found that DHEA, which efficiently inhibited G6PD activity as judged by the B3.5-fold increase in G6P ( Figure 1C) , triggered a B50% inhibition of the rate of PPP ( Figure 1B) ; this could only have accounted for an increase in glycolysis to up to B1.3 nmoL/ min Â mg protein, instead of the observed 2.4 nmoL/min Â mg protein. Together, these data indicate that the rate of PPP in neurons herein determined is largely underestimated.
6-Phosphofructo-1-kinase catalyzes a rate-limiting reaction-F6P to fructose-1,6-bisphosphate-that represents a glycolysis bottleneck in neurons ( Figure 2 ). 1, 12 In contrast, PGI is a near-equilibrium enzyme, very active at converting F6P into G6P in neurons. 13 As [1-14 C]glucose yields unlabeled F6P, once converted into G6P, it will no longer contribute to 14 CO 2 detection. To test this possibility, we inhibited PGI activity using a previously validated RNA interference strategy. 1 The rate of PPP in PGI-knockdown neurons increased by 1.8-fold ( Figure 1D ), indicating enrichment of [1-14 C]G6P-specific radioactivity likely responsible for the enhancement in apparent PPP activity. Given the high PGI activity in neurons, 13 the expected theoretical increase of 1.2 nmoL/min Â mg protein in PPP activity by siPGI was not reached ( Figure 1D ), a fact that is likely due to the still high residual PGI activity after incomplete 70% PGI knockdown. Therefore, the estimated rates of PPP activity reported here may be largely underestimated because of the important contribution of PGI at equilibrating F6P and G6P. Furthermore, the underestimation is independent of the method used to estimate PPP. Thus, it has been reported, by measuring 13 C-acetyl-CoA-derived 13 C-glutamate and 13 C-g-aminobutyric acid isotopomer abundances from [2-13 C]glucose in neurons, that PPP contributes only for a B6% of total glucose metabolism (i.e. glycolysis plus PPP). 2 Such a low PPP value seems underestimated in view that the contribution of PGI in PPP 13 2 We therefore conclude that an important proportion of glucose entering neurons is oxidized through the PPP (Figure 2 ). However, the extent of this metabolic route is yet unrecognized because of misinterpretation in isotopic labeling of metabolites, mostly related to the high activity of PGI in neurons. In contrast to astrocytes, neurons are deficient in de novo glutathione biosynthesis, 14 thus by regenerating reduction equivalents as NADPH(H þ ), the PPP becomes an essential metabolic pathway for the maintenance of the redox status of glutathione and neuronal (and cancer) cell survival. 7 This occurs at the expense of a prominent glycolytic rate, a situation that is compatible with the high dependence of neurons on neighboring astrocytes for the supply of oxidative energy substrates, such as lactate, 15 to satisfy the high energy demands of neurons. It appears necessary that further work would be required to accurately determine the precise fraction of glucose that neurons oxidize through the PPP and, hence, use for the maintenance of their redox status. Its elucidation will surely allow a better understanding of the mechanisms that coordinate energy substrate disposal with neurotransmission.
